ABSTRACT Improving vector control remains a key goal in reducing the worldÕs burden of infectious diseases. More cost-effective approaches to vector control are urgently needed, particularly because vaccines are unavailable and treatment is prohibitively expensive. The causative agent of American visceral leishmaniasis (AVL), Leishmania chagasi, Cunha and Chagas (Kinetoplastida: Trypanosomatidae), is transmitted between animal and human hosts by blood-feeding female sand ßies attracted to mating aggregations formed on or above host animals by male-produced sex pheromones. Our results show the potential of using synthetic pheromones to control populations of Lutzomyia longipalpis Lutz and Neiva (Diptera: Psychodidae), the sand ßy vector of one of the worldÕs most important neglected diseases, AVL. We showed that a synthetic pheromone, (Ϯ)-9-methylgermacrene-B, produced from a low-cost plant intermediate, attracted females in the laboratory. By formulating dispensers that released this pheromone at a rate similar to that released by aggregating males, we were able to attract ßies of both sexes to traps in the Þeld. These dispensers worked equally well when deployed with mechanical light traps and inexpensive sticky traps. If deployed effectively, pheromone-based traps could be used to decrease AVL transmission rates through speciÞc targeting and reduction of L. longipalpis populations. This is the Þrst study to show attraction of a human disease-transmitting insect to a synthetic pheromone in the Þeld, showing the general applicability of this novel approach for developing new tools for use in vector control.
Effective vector control remains a key goal in reducing the worldÕs burden of infectious human and animal diseases. Although new therapeutic drugs, vaccines, or techniques involving transgenic insects may one day offer long-term solutions for disease control (Knols et al. 2007) , new techniques are urgently needed now to reduce disease incidence over a much shorter time frame (WHO 2003) . Recent advances in vector control, which include insecticide-treated bed nets (Curtis 2008, Kitua et al. 2008 ) and dog collars (Gavgani et al. 2002 , Murray et al. 2005 ) offer considerable advantages over more traditional techniques such as blanket spraying of insecticides and destruction of reservoir habitats. These new, targeted, approaches are highly speciÞc for the vector, and are therefore more cost effective. By reducing the amount of insecticide used, there is also less risk of damage to human health and the wider environment.
This study showed the potential of sex pheromones as useful tools for controlling insect vectors and determined a synthetic sex pheromone, produced in the laboratory, could be used to lure the Leishmania vector Lutzomyia longipalpis to traps in the Þeld.
American visceral leishmaniasis (AVL) is a potentially fatal zoonosis. The causative agent Leishmania infantum chagasi is transmitted between dogs and humans by blood-feeding female sand ßies of the L. longipalpis (Diptera: Psychodidae) species complex (Grimaldi et al. 1989) . AVL is a signiÞcant health problem in the Americas but remains both neglected and under-reported (Desjeux 2004) . Because no human or effective canine vaccine is available, current efforts to reduce AVL rely on treatment of human patients, culling of infected dogs, and control of sand ßy populations through insecticide spraying (Lainson and Rangel 2005) . Although this combination of approaches has been partially successful, there are signiÞcant difÞculties associated with each of these techniques. Therapeutic treatment is both expensive and unpleasant for the patient (Davies et al. 2003) , and culling infected dogs is unpopular and difÞcult to implement effectively (Courtenay et al. 2002) . The residual spraying of pyrethroid insecticides has largely replaced the widespread use of DDT but is very expensive and therefore difÞcult to sustain long enough to achieve effective control (Lainson and Rangel 2005) .
Male produced sex pheromones play a major role in the mating behavior of L. longipalpis (Lane et al. 1985 , Morton and Ward 1989 , Hamilton et al. 1994 , Jones and Hamilton 1998 . These terpene chemicals are produced in glandular tissue located in the abdomen (Lane and Ward 1984) and are biosynthesised from three or four Þve-carbon (C5) isoprene units (Hamilton 2008) . The exact structure of the pheromone differs between members of the L. longipalpis species complex (Hamilton et al. 2005b) , suggesting a possible role in reproductive isolation (Ward et al. 1983 ), but each functions to attract females to mating aggregations (leks) formed on or above host animals (Quinnell and Dye 1994 , Morrison et al. 1995 . Why particular sites are chosen is unclear, but these leks can remain over the course of several consecutive nights and are the foci of nocturnal activity for blood-feeding sand ßies . Residual spraying of lekking sites may displace sand ßies toward human habitation, potentially increasing biting rates, infection risk, and disease incidence ). However, if pesticides or traps were used in conjunction with a synthetic pheromone, which would mimic the presence of a male lek, females could continue to be attracted and potentially killed in large numbers . Targeting females would be an efÞcient strategy for decreasing transmission risk, both in the short term by killing vector-competent individuals, and in the future by controlling sand ßy population growth through reduction in total offspring production.
In this study, it was shown that the racemate of the sex pheromone, (Ϯ)-9-methylgermacrene-B, which is a mixture of R and S isomers, prepared in bulk from a low-cost plant-derived intermediate, has similar biological activity in both the laboratory and the Þeld to the natural pheromone (S)-9-methylgermacrene-B, which is produced by the most geographically widespread member of the L. longipalpis species complex. The results show that this synthetic pheromone can be readily formulated in inexpensive lures, which release the pheromone at a rate similar to a group of lekking males, and can be used to attract both female and male L. longipalpis to a lethal trap.
Materials and Methods
Pheromone Synthesis. Racemic 9-methylgermacrene-B (C16; mw 218) was synthesized in four steps from the plant-derived intermediate, germacrone, using the synthetic pathway described previously (Hamilton and Bandi 2004) . Germacrone was isolated from the aerial parts of the plant Geranium macrorrhizum, in methanol. The residue contained germacrone as the major component (80%) by gas chromatographyÐ mass spectrometry (GC-MS). The germacrone was methylated at the ␣-position to the ketone group, by Þrst deprotonating and then methylating. (Ϯ)-9-methylgermacrone was obtained on chromatography and reduced to give the alcohol (Ϯ)-9-methylgermacrol. After puriÞcation on silica gel, (Ϯ)-9-methylgermacrol was subsequently converted to (Ϯ)-9-methylgermacryl acetate and puriÞed on silica gel. Deoxygenation of the unsaturated acetate yielded the Þnal compound (Ϯ)-9-methylgermacrene-B, which was puriÞed on a silica gel column.
Laboratory Bioassays. The racemate of the synthetic sex pheromone has the same biological activity as the natural sex pheromone (Hamilton et al. 1999a) , and its attractiveness was conÞrmed using adult females from a laboratory colony established from our Þeld site in Campo Grande, Mato Grosso do Sul, Brazil. Flies were collected using Centers for Disease Control (CDC) Miniature Light Traps (JW Hock, Gainesville, FL) left overnight in chicken sheds. Females were bloodfed and allowed to oviposit, and the eggs were transported to the United Kingdom where a colony was raised and maintained at Keele University.
Attraction of female sand ßies to natural and synthetic pheromone was measured using a Y-tube olfactometer. This apparatus consists of a Y-shaped glass tube (10 mm ID), comprised of a 10-cm-long stem branching into two 10-cm-long arms separated by an angle of 65Њ. The olfactometer was placed horizontally on a vibration-damped bench, with cotton netting placed around the opening of each arm to prevent ßies from escaping. The two arms were attached to two lengths of Teßon tubing (40 cm by 3 mm ID; Supelco, Gillingham, United Kingdom) using brass connectors (Swagelok, Solon, OH), with the other end of each length attached to a shorter Teßon tube (4 cm by 7 mm ID) containing a rolled Þlter paper disk (2 cm diameter; Whatman International, Maidstone, United Kingdom) onto which test or control samples could be injected. Air ßow was provided by mixing outputs from zero grade air and 1% CO 2 cylinders (BOC Gases, Guildford, United Kingdom) at a ratio of 10:1 to give air containing 0.1% CO 2 . This mixture was cleaned using an activated charcoal Þlter (Supelpure HC, Gillingham, United Kingdom) and passed to each arm of the olfactometer through a T-junction in the Teßon tubing. Air speed at the outlet end of the stem of the olfactometer was measured and maintained at 5 ml/s using a bubble ßow meter.
Natural pheromone for testing was extracted from groups of 40 Ð90 6-to 7-d-old male sand ßies maintained in mixed sex colony cages. Males were killed in a Ϫ20ЊC freezer before being transferred to glass vials containing hexane. Extracts from each group were reduced to a concentration of one male equivalent (ME) per microliter by evaporating excess hexane.
For each trial, 1 l of test chemical (one male equivalent of natural pheromone extract or 1 g synthetic pheromone in hexane) was injected onto the Þlter paper disk designated as test using a 10-l syringe (Sigma-Aldrich Chemicals, Dorset, United Kingdom) inserted into a small hole drilled through the Teßon tubing. A further 1 l of hexane was similarly injected onto the control disk using an identical syringe. A female sand ßy was removed from a holding cage using a mouth aspirator and placed into a small Teßon container, the open end of which was inserted into the outlet end of the olfactometer stem. Sand ßies released from the container entered the stem and had a max-imum of 2 min to choose either the test (pheromone) arm or the control (hexane) arm. Flies were considered to have chosen after moving more than halfway up an arm. Flies not choosing after 2 min were recorded as nonresponders. To control for any effect of side bias, the position of the test and control arms were swapped every 10 replicates by rotating both the olfactometer and connecting tubing 180Њ on the horizontal axis. Before each dayÕs trials, Teßon tubing was rinsed using hexane, and Þlter paper disks were replaced. Glass apparatus was cleaned with a 5% solution of Teepol detergent (VWR International, Lutterworth, United Kingdom), distilled water, and acetone and baked in an oven at 200ЊC overnight. All experiments were carried out under white ßorescent light at 26 Ð27ЊC between 0900 and 1300 hours.
Eighty replicates were performed to ascertain the response of ßies to natural pheromone extract. A further 120 replicates were conducted to test attraction to the synthetic pheromone. Two-tailed binomial sign tests (Sokal and Rohlf 1995) examined whether ßies showed a signiÞcant preference to pheromone (real or synthetic) versus hexane.
Pheromone Dispenser Preparation and Entrainment. In order that the pheromone might be successfully used in the Þeld, we developed a dispenser that could release the synthetic sex pheromone at a rate similar to that released by a group of lekking males over the period of several hours at night during which sand ßies are active. Pure synthetic pheromone was diluted in hexane, to give a 1-g/l solution, 50 l of which was aliquotted into each dispenser (Hamilton et al. 2005a ). Control dispensers used in Þeld experiments were prepared using 50 l hexane containing no pheromone. Dispensers were stored at Ϫ20ЊC until use.
To measure the amount of pheromone released by a single dispenser, entrainment experiments were carried out. The experiments were conducted using an adaptation of the bioassay apparatus, and air was passed over a single dispenser placed in a glass bulb connected to one of the Y-tube arms through Teßon tubing. A tube containing an adsorbent polymer (Tenax; ORBO 402; Sigma-Aldrich Chemicals) was inserted into the stem of the Y-tube through a hole in a machined Teßon end piece, placed over the stem outlet to create an airtight seal. Airßow at the outlet of the Tenax tube was measured and maintained at 5 ml/s using a bubble meter.
After 1 h, the Tenax tube was removed, and the collected chemicals were eluted using 2 ml hexane. The extract was reduced to 20 l, with 1 l used for GC-MS analysis. The amount of pheromone present in all the eluted solvent was determined from the peak area of the injected sample compared with that obtained from aliquotting 10 g of synthetic pheromone directly onto a Tenax tube. For each dispenser, 1-h entrainments were conducted at 0, 3, and 8 h from Þrst use. Tenax tubes were cleaned between entrainments through thermal desorption: each Tenax tube was heated in an oven at 200ЊC for 4 h while connected to a constant ßow of nitrogen gas.
To compare the amount of pheromone released from dispensers to that produced by leks, entrainments were similarly conducted using groups of 50 male and 10 female virgin ßies. Two replicates each were performed with different dispensers and groups of ßies.
Field Study Area. Field trials were conducted in Campo Grande (20Њ28.06 S, 54Њ37. 21 W), the state capital of Mato Grosso do Sul, Brazil, between February and July 2008. This city was chosen primarily for its high abundance of L. longipalpis, all of which belong to the same pheromone-producing sibling species. Campo Grande has Ͼ700,000 inhabitants, with an afßuent center surrounded by poorer periurban areas. Climate is considered rainy tropical savannah, with deÞnite rainy and dry seasons (Oliveira et al. 2006) . Sand ßies are most abundant during the wet summer, and the recent increase in VL prevalence has been linked to greater abundances of L. longipalpis (Oliveira et al. 2008) . Pheromone extracts of sand ßies collected in Campo Grande both before and during Þeld experiments were examined by GC-MS (Hamilton et al. 1999b ) to conÞrm that all males were of the (Ϯ)-9-methylgermacrene-BÐproducing type. Male sand ßies were also examined under a dissecting microscope to conÞrm their identiÞca-tion as L. longipalpis.
Gardens in which experiments were conducted often contained fruit trees and areas for growing food, as well as animal pens, and all contained at least 10 chickens.
Field Trials. All Þeld experiments aimed to test whether dispensers loaded with synthetic pheromone presented at a test station attracted more females and males than simultaneously presented solvent-only controls. Stations consisted of boxes constructed from four panels of thick (10 mm) plywood (55 [width] by 105 cm [height]), held together by plastic garden ties sewn through holes (1.5 mm ID) drilled in the corner of each plywood panel. Each panel had three holes (10 mm ID) drilled in a horizontal line across the middle to allow host odor to escape. Two opposing panels in each box had a groove across the top edge, onto which a wooden pole could be secured and a trap suspended.
At dusk (1700 Ð1800 hours), pairs of experimental stations (test and control) were placed 3 m apart in residential gardens, previously identiÞed by the local disease control authority (Centro de Controle de Zoonoses [CCZ]) as sites of sand ßy aggregation in or around chicken coops. We began by using lures in conjunction with modiÞed (Natal et al. 1991 ) CDC miniature light traps, recognized as an effective device for sampling sand ßy populations. Traps, powered overnight by 6-V rechargeable batteries, were Þtted with 35-cm-diameter metal lids and suspended from the pole above each station. Captured ßies were collected in pots (10 cm diameter by 8 cm height) connected to each trap using a nylon sleeve (10 cm diameter). A chicken, selected at random from the garden, was placed in each box to provide a source of host odor.
A dispenser containing 50 g synthetic pheromone was attached to the underside of the lid at each test station, and a dispenser containing solvent only was similarly positioned at each control station.
The next morning (0700 Ð 0800 hours), nylon sleeves were tied with string to prevent collected ßies from escaping, before pots and batteries were removed. Chickens were freed from boxes, and dispensers were removed from lids. The positions of test and control boxes was alternated between nights. Flies were identiÞed as male or female L. longipalpis and counted in the laboratory under ϫ40 magniÞcation, and trap batteries were recharged before reuse. This entire Þrst trial was repeated a second time, with the light bulbs, which are attractive when lit, removed.
Under natural conditions, male sand ßies only aggregate on or near host animals, and host odor has been shown to synergize female attraction to sex pheromone in the laboratory (Bray and Hamilton 2007) . However, females can also be attracted to pheromone alone in the laboratory. To test the attractiveness of synthetic pheromone without host odor in the Þeld, the Þrst two experiments were repeated without chickens in test stations.
Finally, to test whether pheromone could be used to trap ßies in conjunction with a cheaper alternative to mechanical light traps, the Þrst trial (with chickens) was repeated, replacing CDCs with blue, 28-cm-wide agricultural sticky traps (Russell Integrated Pest Management, Deeside, United Kingdom) wrapped around the top of each box. Each morning, sticky traps were numbered and covered with clear Þlm before being removed to the laboratory for counting.
Each experiment was conducted over two to four nights, using six to seven pairs of boxes spread across two to three gardens. New dispensers were used for each night of experiments. Wilcoxon signed rank tests (Sokal and Rohlf 1995) compared numbers of ßies captured at test and control boxes in each pair. Males and females were analyzed separately, and pairs were excluded from analysis if at least one of the traps did not function correctly.
Results
Laboratory Bioassays. In Y-tube olfactometer tests, females showed signiÞcant attraction both to natural pheromone extracted from males (binomial test: ßies to test ϭ 57, ßies to control ϭ 15, P Ͻ 0.001) and the synthetic racemic mixture (test ϭ 38 control ϭ 15, P Ͻ 0.01). Dispenser Entrainment. Dispensers released 1Ð3 g of pheromone in the Þrst hour of use and 0.3Ð1 g in the third hour, with detectable release in the laboratory continuing for up to 9 h. By comparison, groups of 50 males produced Ϸ0.3 g of pheromone in the Þrst hour of entrainment.
Field Trials. Using dispensers in conjunction with light traps and chicken odor, test traps with pheromone dispensers caught signiÞcantly more male and female sand ßies than the solvent-only controls (females: P Ͻ 0.001, Fig. 1 ; males: P Ͻ 0.001, Fig. 2 ). With light bulbs removed to test the attractiveness of the pheromone in the absence of a light source, test traps attracted more females and males than controls, although numbers of sand ßies collected were generally lower than in the Þrst experiment (females: test, 0.7 Ϯ 0.2 [SEM]; control, 0.03 Ϯ 0.03; P Ͻ 0.01; males: test, 3.7 Ϯ 0.7; control, 0.0 Ϯ 0.0; P Ͻ 0.001; 30 pairs).
With chickens removed, more males were caught in test traps than solvent-only controls, showing that the synthetic pheromone was capable of attracting males without host odor (with lights: test, 2.0 Ϯ 0.7; control, 0.1 Ϯ 0.1; P Ͻ 0.01; 20 pairs; without lights: test, 1.8 Ϯ 0.3; control, 0.0 Ϯ 0.0; P Ͻ 0.001; 26 pairs). However, no signiÞcant difference was found in the number of females caught in either experiment without chickens, although very few females were captured (with lights: seven ßies captured, 20 pairs; without lights: four ßies captured, 26 pairs).
When chickens were replaced and sticky traps were used instead of CDC traps, more female and male sand ßies were again captured at test stations than controls (females: Fig. 1 , P Ͻ 0.05; males: Fig. 2 , P Ͻ 0.01). This shows the attractiveness of synthetic pheromone without the need for a mechanical, air-circulating trap. Both test CDC and blue sticky traps caught approximately six times more females than the controls, with the same approximate proportional increase for males ( Figs. 1 and 2 ).
Discussion
The results of this study showed the potential of synthetic pheromones for use in L. longipalpis control. We were able to synthesize the L. longipalpis sex pheromone in bulk and formulate it in inexpensive dispensers that were attractive to female and male sand ßies in the Þeld. To our knowledge, this is the Þrst study to show attraction of a human disease vector to a synthetic pheromone outside of the laboratory. Considerable research effort will be needed to determine the most efÞcient way of applying these pheromones in sand ßy control programs and measure their longterm effect on both sand ßy numbers and AVL transmission. Nevertheless, our results showed the feasibility of using pheromones for control, with implications for management of L. longipalpis and other pheromone-producing vector species.
Although our dispensers were designed to target blood-feeding females, approximately six times more males than females were attracted to test stations, although a similar sex ratio was also observed in controls. This points to a skewed sex ratio in the trappable population at our Þeld site rather than a bias in response toward the synthetic pheromone. Previous Þeld studies have shown that sand ßies of both sexes are attracted to live males in the presence of host odor (Dye et al. 1991, Kelly and , and it seems that males and females respond to pheromone to locate established leks. Attracting males to traps would aid control by reducing the chances of lek formation elsewhere and the possibility of sand ßy displacement toward human habitation.
Laboratory studies have shown attraction of female sand ßies to pheromone alone but also that host odor both activates female sand ßies and synergizes attraction toward pheromone (Bray and Hamilton 2007) . Here, very few ßies were caught in the absence of chickens in test stations, indicating that host odor is likely be an important component of any semiochemical-based control measure effective against L. longipalpis. Host odor could be provided by placing pheromone dispensers in the vicinity of host animals (as done here) or by formulating dispensers with both pheromone and attractive host odor components (Dougherty et al. 1999) .
In our experiments, inexpensive sticky traps caught similar numbers of sand ßies as mechanical light traps. This indicates that pheromones could be applied successfully with a range of capture devices or killing agents. In agriculture, pheromones are used for widespread pest monitoring, so that existing control measures can be targeted more effectively to lure and kill insects using traps and insecticides and to disrupt mating through persistent long-term release (Shani 2000) . Potentially, L. longipalpis pheromones could be applied in a number of similar ways for control. However, to have the most immediate impact of sand ßy populations, priority should be given to incorporating pheromones into those activities already undertaken by local disease control agencies, such as spraying of residual insecticides. Longitudinal studies, or controlled comparisons between cities using different methodologies for control (similar to those undertaken to test efÞcacy of dog collars; Maroli et al. 2001 , Gavgani et al. 2002 will be needed to test and reÞne pheromone-based integrated control strategies.
To develop similar tools for use in controlling other major diseases, it will Þrst be necessary to identify and synthesize pheromones produced by the appropriate insect vectors. Priority targets include the sand ßies responsible for transmitting Leishmania in the Old World, where new control measures are needed urgently (Dalton 2008) . We already have some behavioral evidence for the existence of pheromones in Old World species and intend to be able to develop a similar lure system to that tested here (Bray et al. 2009 ).
The adoption of pheromones for use in controlling crop pests has been a major success worldwide and has helped growers reduce their overall reliance on insecticides (Shani 2000) . We expect that what has been learned in developing and applying these techniques in agriculture will quickly be adapted to vector control and lead to novel, integrated strategies to combating the worldÕs most important diseases.
